We show how "single" quantum dots, each hosting a singlet-triplet qubit, can be placed in arrays to build a spin quantum cellular automaton. A fast (∼ 10 ns) deterministic coherent singlet-triplet filtering, as opposed to current incoherent tunneling/slow-adiabatic based quantum gates (operation time ∼ 300 ns), can be employed to produce a two-qubit gate through capacitive (electrostatic) coupling that can operate over significant distances. This is the coherent version of the widely discussed charge and nano-magnet cellular automata and would offer speed, reduce dissipation, perform quantum computation, while interfacing smoothly with its classical counterpart. This combines the best of two worlds -the coherence of spin pairs known from quantum technologies, and the strength and range of electrostatic couplings from the charge based classical cellular automata.
A coherent version of the widely discussed charge and nano-magnet cellular automata [1, 2] would offer speed, reduce dissipation, perform quantum computation, while interfacing smoothly with its classical counterpart. However, maintaining long time coherence is a challenge [3] . It would be ideal to use quantum dot spins, with coherence times of ∼ 260 µs, [4] [5] [6] [7] [8] [9] , in particular, singlet-triplet electron pairs, which are largely decoherence free [8, 9] . Here we show how "single" quantum dots, each hosting a singlet-triplet qubit, can be placed in arrays to build a spin quantum cellular automaton. A fast (∼ 10 ns) deterministic coherent singlet-triplet filtering, as opposed to current incoherent tunneling/slow-adiabatic based quantum gates (operation time ∼ 300 ns) [7] [8] [9] [10] , can be employed to produce a two-qubit gate through capacitive (electrostatic) coupling that can operate over significant distances. Our system fulfills the DiVincenzo criteria [11] for realizing a quantum computer.
Our proposal combines the best of two worlds -the coherence of spin pairs known from quantum technologies, and the strength and range of electrostatic couplings from the charge based classical cellular automata. This sits against the backdrop of the recent demonstration of two-qubit gates for singlet-triplet qubits in capacitively coupled "double" quantum dots (QDs) using dissipative tunneling or slow adiabatic processes [7, 9, 10] . The nondeterministic nature of the dissipation, however, does not give a set time for electrons to tunnel between the QDs, and thus also for qubit initialization and measurement. Furthermore, since both dissipative tunneling and adiabatic evolutions are inherently slow, decoherence can interfere, and so scalability is hard to achieve. In contrast we rely on a coherent mechanism which is both deterministic and fast (non-adiabatic). Our method is also both a faster and easier to fabricate than exchange mediated quantum computing [4, 9] as it does not rely on charge tunneling between dots, which can now be more spaced.
Square QDs:-We consider a system of two electrons held in a square semiconductor QD with a hard-wall boundary, approximately realizable by gating a two-dimensional electron gas at a heterojunction interface as shown in Fig. 1 (a) 1 . For large QDs, where the Coulomb interaction dominates the kinetic energy, the electronic charge density localizes near the four corners of the QD [12] . Electronic states localized at corners ac are shown in Fig. 1(b) , where their wavefunctions are denoted by |S for singlets and |T M (with M = 0, ±1) for triplets. Similarly, electrons localized at b and d, as shown in Fig. 1(c) , have wavefunctions |S ↔ and |T M ↔ . Due to the four-fold symmetry of the QD, these localized charge configurations are not, however, necessarily eigenstates of the Schrödinger equation. To prepare such charge configurations it is necessary to apply additional gating potentials. A conceptually simple scheme is to divide the QD into quadrants (shown in the Supplementary Material), and apply a potential difference V /e between quadrants ac and bd in order to break the the four-fold symmetry of the QD. A positive V makes the ac quadrants energetically favorable by the energy 2V (factor 2 appears because of two electrons) and electrons lie in the vertical configurations. Conversely, when V is negative, the electrons prefer to lie in the horizontal configurations by occupying the bd quadrants. The low-energy spectrum of this system consists of narrow multiplets of states, separated by relatively large gaps. The lowest multiplet consists of two singlet states (S 1 and S 2 ) and two triplets (T 1 and T 2 ) lying between them as shown in Fig. 2(a) as functions of V . While the triplet eigenfunctions |T 1 = |T M and |T 2 = |T M ↔ are degenerate for V = 0, increasing V splits this degeneracy, and in the limit of large V their energy approaches their singlet counterparts. The probability of finding the electrons in the vertical configuration P (α) (for α ∈ {S 1 , S 2 , T 1 , T 2 }) as a function of V is plotted in Fig. 2 (b) which clearly shows that the eigenvector |S 1 , which is initially an equal superposition of |S and |S ↔ for V = 0, evolves into the fully localized
Based on these results, we can describe the lowest multiplet in the subspace of S z = 0 by an effective Hamiltonian H = H S + H T for the singlet and triplet parts
where E S 0 and E T 0 (which are almost equal) are determined as the average energy of the two singlet eigenvalues and the degenerate triplet energy eigenvalue respectively for V = 0, and ∆ is the amplitude to tunnel between vertical and horizontal configurations. A significant difference between singlet and triplet states, arising from the different symmetries of their spatial wavefunctions, is that charge transfer (non-zero ∆) only occurs in the singlet subspace [13, 14] . Consequently H T is simply diagonal in the basis |T 0 and |T 0 ↔ , with eigenvalues of E T1 = E T 0 and E T2 = E T 0 + 2V respectively, while the singlet spectrum is
with eigenstates
where tan(θ) = (V − √ V 2 + ∆ 2 )/∆. Comparing the numerical spectrum shown in Fig. 2(a) with the approximate results (2) , where the parameters E While the triplet states, |T 0 and |T 0 ↔ , only acquire an overall phase during the time evolution, the two singlet states, |S and |S ↔ , evolve as
One may consider two different regimes: (i) V ≫ ∆ in which θ → 0 and |S becomes effectively the eigenvector of the system and does not evolve; (ii) V = 0 in which there is an oscillation between the vertical and horizontal configurations such that after t R = π 2∆ the state |S turns to the state |S ↔ .
Qubits:-We define the two levels of our qubit as vertical singlet-triplet states, i.e. |0 = |S and |1 = |T 0 (both S z = 0 states). In the regime of strong V this qubit is well-defined, highly localized in its vertical configuration. A schematic picture of the Bloch sphere with our defined qubits is shown in Fig. 1 a small contribution of |S ↔ , as
, but this can be arbitrarily suppressed by controlling V . Furthermore, as shown in Fig. 2(a) , in the regime of strong V both |S 1 and |T 0 1 become almost degenerate, and thus there will be no relative phase between them.
Single qubit manipulations:-An arbitrary unitary operation on a single qubit can be realized by sequential rotations around two different axes, such as x and z. Rotations around the z-axis may be simply achieved by the energy splitting ∆ 1 = E T1 − E S1 between |S 1 and |T 0 in the regime of V ≫ ∆ where the electrons are still strongly localized in their vertical configurations (i.e. |S 1 ≈ |S ) but ∆ 1 ≃ ∆ 2 /2V does not vanish. This energy splitting ∆ 1 generates a relative phase between the logical qubits |0 and |1 and thus performs a z-rotation. In Fig. 2 (b) ∆ 1 together with P are plotted versus V /∆. From this figure one can tune V to choose the right value of ∆ 1 for the z-rotation while P remains significant.
Rotation around the x axis demands switching between |0 and |1 . To do that a gradient of magnetic field δB z is required between the vertical corners ac. There are two different proposals for generating this gradient magnetic field: (i) polarizing the spin of the nuclei in the bulk [15] ; (ii) using permanent micro-magnets [16] . Here, we propose to use permanent micro-magnets near the the corners ac as shown in Fig. 1(a) . To perform an x rotation, one has to push the electrons close to the micro-magnets to sense δB z by applying a strong positive bias to the gates G a and G c , which may be the micro-magnets themselves. The gradient δB z rotates a single electron around the z axis and consequently switches between a singlet and a triplet state. Initialization:-An initial qubit state may be created by injecting a spin-up electron into corner a and a down-spin electron into corner c, while holding V large enough to ensure that the electrons remain well-localized in these corners. The electrons are thus created in the state |+ = (|0 + |1 )/ √ 2. Other initial states may then be generated with single-qubit transformations, described earlier.
Two-qubit entangling gate:-Apart from single qubit unitary operations the more challenging two-qubit quantum gates are also essential for universal quantum computation [17] . We consider two square QDs, each containing two electrons encoding a singlet-triplet qubit as described above. Interaction between the left and right qubits is mediated through the electrostatic Coulomb repulsion, as shown in Fig. 3(a) , which is independent of the spin states. Due to symmetry there are three independent electrostatic energies for four possible spatial configurations of electrons in two QDs (i.e. , ↔, ↔ and ↔↔), where one of them can also set to be zero (overall energy shift). Therefore, as schematically shown in Fig. 3(a) , we can write the interaction between the two QDs as
where V 0 , V 1 > 0 account for the electrostatic Coulomb energies in the configurations ↔↔ and respectively. The Hamiltonian of the whole system then becomes To have a two-qubit quantum gate, we first assume that V is large and both qubits are initialized in arbitrary superposition of |S and |T 0 . To operate the two-qubit gate, V is set to be zero. As V 0 , V 1 ≪ ∆ the interaction Hamiltonian does not play an important role during this evolution, and so the dynamics is mainly governed by H 0 = H L + H R , in which the triplets do not evolve and singlets rotate according to Eq. (4) with V = 0. After time t = t R the evolution is again frozen (i.e. ∆ = 0) by setting V to some negative value which keeps the electrons in the horizontal configuration for an interaction time period of t I , over which the system evolves under the action of H I alone. The potential barriers are then again removed (i.e. V is set to zero) for another period of t = t R to return the electrons to their initial positions. In Fig. 3(b) the schematic pattern of V is shown for realizing a two-qubit quantum gate. One can write the total evolution operator as
. Over the interaction time t R < t < t R + t I , each spatial configuration determined by the spin state of electrons has its own electrostatic energy, and thus the time evolution gives different phases to every state. One may easily verify that
For t I = π V0+V1 , this evolution realizes an entangling twoqubit gate such that its application to the state | + + maximally entangles the two qubits. Moreover, this gate can be converted to the standard controlled z (CZ) gate by two local rotations around the z axis with the angle π 2(V0+V1) . Readout:-In our mechanism, single qubit measurement in the computational z basis is singlet-triplet measurement of the electron pair in the QD. This can be achieved by setting V to zero, thereby allowing tunneling from vertical to horizontal configurations for the singlet. A single charge detection then fulfills the singlet-triplet measurement [13] . Single qubit measurement in any other basis can be simply reduced to a z measurement by applying proper local rotations.
Applications:-Universal quantum computation can be achieved in two dimensional network of qubits, which can be prepared in a highly entangled state termed a cluster state [18] . To prepare a cluster state we need a two-dimensional array of qubits all initially prepared in |+ states. Then a homogeneous action of CZ gates between all neighboring qubits generates a cluster state, on which measurement based quantum computation can be realized by local rotations and single qubit measurements [18] . Such an array of QDs is shown in Fig. 3(c) . Note that when electrons are frozen in their locations, the electrostatic interactions only give a global phase. In this structure when the system is released for a global gate operation, the type of the gate that acts on rows is different from the one acting on columns, unless V 0 = V 1 . However, these gates can be locally transformed to CZ gates, and thus the outcome is still a cluster state and can be used for measurement based quantum computation. Note that only one global operation generates the cluster state which thus prevents the accumulation of errors.
Decoherence and robustness:-The hyperfine interaction between the electrons and nuclei in the bulk is the main source of decoherence in QDs. To compensate this effect we may use the recently-implemented idea of multiple-pulse echo sequence [5] . In this technique the quantum states of the two electrons are swapped through exchange interaction regularly, allowing decoherence times of T 2 ∼ 260 µs to be reached. The operation time of our two-qubit gate is 2t R + t I = π ∆ + π V0+V1 . For dots with the size L = 400 nm, we have ∆ ≃ 20µeV and tuning the system to have V 0 + V 1 ≃ 2µeV guarantees the validity of Eq. (4) up to very high precision as ∆/(V 0 + V 1 ) ≃ 10. This determines the time scale of our two-qubit gate as 2t R + t I ≃ 12 ns which allows for more than 2 × 10 5 subsequent operations. Even in the absence of regular exchange of quantum states, the hyperfine interaction between the electrons and nuclei in the bulk is at least two orders of magnitude smaller than ∆ [13] , and one order of magnitude less than V 0 + V 1 . This guarantees that it has no significant effect over the proposed fast dynamics (∼ 12 ns) although the coherence time is then limited to 1 µs [8] and thus the number of operation reduces to ∼ 10 3 . So far we have assumed that V can be instantaneously switched on and off at desired times. In reality gate voltages cannot jump instantly, and so V varies gradually. One can estimate the gradual switching error by assuming that V is switched off (or on) linearly over a period of τ . For instance, in Eq. (4) a linear switching of V over the time period t = t R to t = t R + τ produces an error equal to sin 2 (
4 . In particular, for QDs of size L = 400 nm, (i.e. ∆ = 20µeV) a gradual switching with duration τ = 10 ps induces less than 2% error in our desired state.
Alternative realization:-Apart from GaAs technology, one can also realize our quantum cellular automata using the silicon atom dangling bonds on hydrogen terminated silicon crystal surface [19, 20] . The four coupled quantum dots located in a ring, hosting two highly interacting electrons (fully capable for achieving our spin filtering dynamics) have been realized experimentally [20] . The isotopically purified silicon provides very long decoherence time (T 2 exceeding 200 µs) as the nuclear spin interaction is practically eliminated, and a charge dephasing time of ∼ 200ns has been measured for charge qubits in Si double quantum dots [21] .
Conclusions:-We have shown that the singlet and triplet states of a pair of electrons held in a square QD can be used as a rapid and deterministically-controlled qubit. Introducing electrostatic interactions between neighboring qubits allows two-qubit entangling gates to be constructed, thus enabling universal quantum computation, with particular suitability to its measurement based version. The architecture was inspired by classical cellular automata implementations [1, 2] so that it links them to the quantum realm and provides a path for quantum-classical integrability in computer technology. While the lack of coherence is often taken to stabilize such automata [22] , coherent automata should be much faster and less dissipative at the price of a finer control in time. For the moment we leave the topic of the cellular automata mode of operation of our proposal open for future investigation.
Supplemental materials I. EFFECTIVE HAMILTONIAN
Assuming an effective mass m * for the electrons in the square QD, the system can be described by the two-electron Hamiltonian:
where V c (r) is the confining potential and V g (r 1 , r 2 ) is an external gate potential. For simplicity we divide the square QD into four quadrants, as shown in Fig. S1a , and apply a potential difference V between gates ac and bd. When V is positive the electron density is enhanced in quadrants ac (and depleted in quadrants bd), and when V is negative the reverse occurs. As well as being used to prepare the initial state of the electrons in the QD, we also use these gates to control their time-evolution. In Fig. S1b , we show the time-evolution of the system prepared in the state |S . When the gating potential is removed, the singlet periodically cycles between its vertical and horizontal orientations. However, reapplying the gate potential freezes the system's time evolution, whch remains halted until the potential is again released. A two-electron wavefunction can be factored into a spatial component multiplied by a spinor. Since the total wavefunction must be antisymmetric, the spatial part is symmetric for spin singlets and antisymmetric for spin triplets. Thus by considering the symmetric or antisymmetric subspaces of the spatial wavefunction, one can diagonalise the Hamiltonian as
where α ∈ {S 1 , S 2 , T 1 , T 2 } denotes the singlet and triplet index of the lowest eigenstates. The charge distributions of the triplet eigenstates do not vary much as V changes; it is the eigenenergies that V chiefly affects. In contrast, the charge distributions of the singlets do vary considerably when V changes. As shown in Fig. S2 , the wavefunction |ψ S1 (x, y)| 2 changes from an equally delocalized distribution for V = 0 to being highly localized in the ac quadrants for large, positive V . In the case of the higher energy singlet eigenvector, the charge distribution |ψ S2 (x, y)| 2 is also equally distributed over all four quadrants for V = 0, just as for S 1 , but becomes highly localized in the bd quadrants for large V . To quantify the localization of a wavefunction in the ac quadrants one may compute T 0 = E T1 is evaluated from the diagonalization of the full continuum Hamiltonian Eq. (S1). Treating the singlet subspace is more involved, as the singlet eigenfunctions are generally superpositions of |S and |S ↔ . In this basis there will be off-diagonal terms as well, and so the effective Hamiltonian of the singlet subspace becomes
where E S 0 and ∆ can be determined directly from E S1 and E S2 , obtained by diagonalizing the continuum model of Eq. (S1). As the effective Hamiltonian H S , given in Eq. (S6), is intended to duplicate the low energy physics of the continuum model, it should give the same eigenvalues as the continuum model for the ground manifold states. Diagonalizing H S yields 
From these two equations we can evaluate the parameters of the effective Hamiltonian in terms of the eigenenergies of the continuum Hamiltonian as 
All the parameters of the effective model are thus determined from the low-lying energy eigenvalues of the Hamiltonian in Eq. (S1). However, this equivalence can only be approximately true since the exact two-electron eigensolutions obtained from Eq.S1 can only be obtained from a complete set of base states. Deviations from the exact results can be seen in Fig. 2(a) of the paper,and can in principle be computed in a systematic way using perturbation theory. For example, we can use the exact spectrum at V = 0 to compute the weak V -dependence of the energy parameters E 
since |Φ (r 1 , r 2 )| = |Φ (r 2 , r 1 )|. We compare this approximation with the exact result in Fig. S3 , and it can be seen that the agreement is excellent. In asimilar fashion we can compute corrections to E S 0 and ∆, which are small in the range of interest of gate voltages, showing that the simple model of two low-lying singlets and triplets indeed captures the main physics.
II. TWO NEIGHBORING QDS
In the paper we have introduced the interaction between two neighboring QDs which interact through capacitive Coulomb repulsion. The form of the interaction Hamiltonian is
where V 0 , V 1 > 0 account for the electrostatic Coulomb energies in the configurations ↔↔ and respectively. The Hamiltonian of the whole system then becomes H tot = H L + H R + H I , where H L and H R are given by Eq. (S4) for the left and right QDs respectively.The existence of H I changes the eigenvectors of the system and therefore may affect the system's dynamics. To quantify the effect of this interaction on the spectrum of H 0 = H L + H R , we compute the modified eigenstates of the whole system H tot when H I is treated perturbatively. Within this regime the new relevant unnormalized eigenvectors are given to first order by 
where,
Tuning V 0 , V 1 ≃ 0.1∆ guarantees that the oscillation between |S and |S ↔ remains valid up to a very high fidelity (> 0.9).
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